INTRODUCTION
The burden of allergic diseases has increased significantly in Western countries over the last decades. Several factors such as changes in lifestyle, diet, increased hygiene and microbial dysbiosis have been suggested to be responsible for increased allergies. [1] [2] [3] Around 50-80% of mono-sensitized individuals exhibit poly-sensitization to different allergens with increasing age which significantly affects their quality of life. 4 A common poly-sensitization profile in Europe is against birch and grass pollen allergens. 5 The only curative treatment to reduce allergic symptoms in such poly-sensitized patients is subcutaneous or sublingual specific immunotherapy (SIT or SLIT, respectively). However, use of crude extracts of allergens in SIT/SLIT might induce side effects or even mount a certain risk of neosensitization to components in the extract. 4, 6 Furthermore, it has been shown that poly-sensitized patients are more difficult to successfully treat/tolerize than mono-sensitized individuals by conventional immunotherapy. 5, 6 Therefore, our allergy research has concentrated on the improvement of treatment strategies in poly-sensitized patients. [7] [8] [9] We previously have shown that poly-sensitization cannot be prevented by a mixture of allergens but that multiallergen constructs or polypeptides are needed for successful mucosal pretreatment. 7, 8 We first constructed polypeptides of birch and grass pollen allergens (Bet v 1, Phl p 1, Phl p 5) showing that airway inflammation was prevented by mucosal administration of these polypeptides. 7, 9 These polypeptides may however bear limitations for human use due to certain HLA restrictions. In this respect, allergen chimers including whole allergens as scaffold for other allergen peptides were constructed in our lab, the first one consisting of the major birch pollen allergen Bet v1 and the major grass pollen allergens Phl p 1 and Phl p 5 and the second consisting of Bet v 1 and its homolog food allergens Api g 1 and Dau c. 8, 10 However, as the in vivo efficacy of such constructs depends on the tolerogenic properties of all containing allergens/allergen peptides, addition of certain immunomodulating adjuvants/mucosal delivery systems might improve their function. 11 Recently, probiotic bacteria have been shown to play an important role in reducing allergic sensitizations by restoring intestinal dysbiosis and modulating the immune system towards tolerance induction. [12] [13] [14] In this regard, we have shown that intranasal application of Lactobacillus paracasei and Bifidobacterium longum during sensitization and challenge suppressed allergen-specific immune responses and airway inflammation in poly-sensitized mice. 15 In another study we have shown that counter-regulatory Th1 responses can be induced more effectively by combined mucosal application of lactic acid bacteria with specific allergen in a murine model of birch pollen allergy. 16 Probiotic bacteria such as Escherichia coli Nissle 1917 or lactic acid bacteria have been shown as effective antigen delivery systems for the prevention or treatment of various immune derived diseases in several mouse models. 17 In humans, a recent phase 2
Corrected: Correction trial in ulcerative colitis patients has been successfully performed using recombinant EcN expressing feedback-resistant N-acetyl glutamate synthetase against hyperammonia. 18 Similarly, also recombinant Lactococcus lactis have been tested against Crohn's disease (phase 1a trial) and oral mucositis in head and neck cancer patients (phase 1b trial). 19, 20 Along these lines, we have previously shown that the major birch pollen allergen Bet v 1 can be expressed by lactic acid bacteria and mucosal application of these recombinant probiotic strains prevented allergic sensitization to birch pollen in adult conventional mice as well as in germ-free offspring derived from treated mothers. 21, 22 Thus, in the present study, we aimed to investigate if mucosal application of recombinant probiotic bacteria expressing a multiallergen chimera, i.e., birch-grass pollen chimera, can protect mice from the development of allergic poly-sensitization. For this purpose, the Bet v 1, Phl p 1, and Phl p 5 chimera was cloned into the probiotic bacteria E. coli Nissle 1917 and this recombinant strain was applied by the intranasal or oral route to adult mice prior to allergic poly-sensitization and challenge. Our data provide novel insights into the effects and mechanisms of tolerance induction with the recombinant poly-allergenproducing probiotic bacteria as well as the migration pattern and persistence of probiotics applied via different mucosal routes.
RESULTS

E. coli
Nissle 1917 induces high levels of IL-10 in naïve splenocytes and bone marrow-derived dendritic cells and activates both TLR2 and TLR4 signaling pathways Probiotic bacterial strains L. plantarum NCIM8826, L. lactis MG1363 and E. coli Nissle 1917 (EcN) were compared for their intrinsic immunomodulatory properties. Naïve spleen cells and bone marrow-derived dendritic cells (BMDCs) were stimulated with 10 7 colony-forming units/ml (CFU/ml) of L. plantarum, L. lactis, and EcN for 48 h and analyzed for cytokine response (Fig. 1 ). All three strains exhibited different immunomodulatory properties. In contrast to L. plantarum and L. lactis, EcN induced high levels of IL-10 and low levels of IL-12p70 in spleen cells (Fig. 1a) . In BMDCs, Fig. 1 E. coli Nissle 1917 induces high levels of IL-10 production in naïve splenocytes and bone marrow-derived dendritic cells (BMDCs) and activates both TLR2 and TLR4 signaling pathways. Spleen cells and BMDCs from wild-type mice as well as HEK293 cells expressing TLR2 or TLR4 were cultured with medium, LPS (1 µg/ml), Pam3CSK4 (1 µg/ml) as controls and 10 7 CFU/ml of L. plantarum NCIM8826, L. lactis MG1363, and E. coli Nissle 1917. All cultures were incubated at 37°C 5% CO 2 for 48 h. Supernatants from stimulated spleen cells and BMDCs were analyzed for cytokine production by ELISA. IL-5, IL-10, and IL-12p70 production in a spleen cells and b BMDCs. c Supernatants from bacteria stimulated HEK293 cells with or without TLR2 or TLR4 transfection were analyzed for IL-8 production. Three replicate cultures with cells from individual samples were measured. Data are representative of two independent experiments performed by using different batches of cell lines and bacterial culture. Error bars show mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey's Multiple Comparison Test L. lactis and EcN stimulated higher levels of IL-10 production as compared to L. plantarum (Fig. 1b) . Compared to L. plantarum and L. lactis, EcN induced significantly lower levels of IL-12p70. (Fig. 1b) . None of the strains induced IL-5 production in spleen cells and BMDCs (Fig. 1a, b) .
To assess which TLR signaling pathways were activated by the bacteria, HEK293 cells, with and without stable transfection with TLR2/CD14 or TLR4/MD-2/CD14 were incubated with the three strains. L. plantarum and L. lactis activated cells only via TLR2 signaling (measured by IL-8 production) whereas EcN showed activation of both TLR2 and TLR4-mediated signaling pathways (Fig. 1c) . Stimulation of HEK293 cells without transfection with TLR2/4 with different bacteria did not lead to any IL-8 production, indicating that all three bacteria do not signal through other receptors than TLR2/4 (Fig. 1c) .
Constitutive production of birch-grass pollen chimera by recombinant E. coli Nissle 1917 The recombinant birch-grass pollen chimera Phl p 5 -Bet v 1-Phl p 1, which was designed previously in our lab 8 , was successfully cloned in the lactococcal pNZ8148 vector and expressed in EcN under the constitutive lactate dehydrogenase promoter (P ldhL ) with mCherry as a reporter gene (EcN-Chim) using gene-specific primers (Table 1) . 23 Similarly, the mCherry gene and click beetle red luciferase gene under the constitutive P ldhL promoter were successfully transformed into E. coli Nissle 1917 to obtain EcN-Ctrl and EcN-CBRluc, respectively (Table 1 ). The insertion of the birchgrass pollen chimera along with mCherry, mCherry alone and luciferase gene was confirmed by DNA sequencing. Intracellular production of the chimera from the EcN-Chim was confirmed in immunoblots as a single band corresponding to the calculated mass (24.43 kD) of Bet v 1 and two peptides Phl p 1 and Phl p 5 detected using monoclonal mouse antibody against Bet v 1 (Supplementary Figure 1a) . In contrast, the control strain i.e. E. coli Nissle 1917 expressing only mCherry (EcN-Ctrl) did not show any band with detection antibody against Bet v 1 in the immunoblot analysis. Quantification of chimer production by EcN-Chim using ELISA showed that 10 9 CFUs of EcN-Chim produced 1.2 ± 0.4 µg Bet v 1 (corresponding to 1.8 ± 0.6 µg of chimer) 8 , whereas EcNCtrl did not produce any chimer. A strong red fluorescence production by EcN-expressing mCherry was detected and quantified by measuring the fluorescence intensity using the SparkControl Magellan plate reader (Supplementary Figure 1b) . The bioluminescence produced by the E. coli Nissle expressing the luciferase gene (EcN-CBRluc) was detected and quantified using the multimodal in vivo imaging system (IVIS) Lumina XR (Caliper, PerkinElmer) as described previously 23 (Supplementary Figure 1c) .
Intranasal route of application is superior to oral route in preventing allergic poly-sensitization and airway inflammation Allergic airway inflammation. Intranasal pretreatment with EcNChim prior to sensitization with recombinant proteins Bet v 1, Phl p 1 and Phl p 5 ( Fig. 2a) significantly reduced Th2-mediated allergic airway responses i.e. IL-5 and IL-13 in bronchoalveolar lavage (BAL) as compared to other treatment groups especially compared to intranasal-EcN-Ctrl group (Fig. 2b) . Lung histology showed reduced cell infiltration and less mucus production in lung in the group treated intranasally with EcN-Chim as compared to any other treated group (Fig. 2c ). This reduction was also reflected in the number of eosinophils in BAL (Fig. 2d , e).
Allergen-specific antibody levels in serum and BAL. Intranasal pretreatment of mice with recombinant EcN-Chim led to a significant reduction of allergen-specific IgE antibody levels against Bet v 1, Phl p 1, and Phl p 5 in serum (Fig. 3a ).
Intranasal pretreatment with EcN-Ctrl led to markedly reduced IgE antibodies against Bet v 1 but not against Phl p 1 or Phl p 5 ( Fig. 3a) . In contrast, oral pretreatment with neither recombinant nor control EcN led to a significant reduction in allergen-specific serum IgE. Both intranasal groups showed an increased serum allergen-specific IgG2a/IgE ratio compared to the polysensitized controls (P < 0.001); nevertheless the group treated intranasally with EcN-Chim showed significantly higher allergen-specific IgG2a/IgE ratio compared to the group treated intranasally with EcN-Ctrl (P < 0.01) (Table 2a) . However, serum allergen-specific IgG1 levels did not differ between any of the treated and polysensitized/allergic controls (data not shown). In BAL, allergenspecific IgA antibodies were significantly increased only in mice pretreated intranasally either with EcN-Chim or EcN-Ctrl compared to sensitized controls (Fig. 3b ). Oral pretreatment of mice with either recombinant EcN-Chim or EcN-Ctrl showed no change in IgA as compared to sensitized control (Fig. 3b ).
Intranasal pretreatment with EcN-Chim leads to reduced levels of allergen-specific Th2 cytokine Allergen-specific Th2 cytokines IL-5 in lung or spleen cell cultures and IL-13 in lung cell cultures were significantly reduced in both intranasally pretreated groups compared to the sensitized controls and compared to orally pretreated groups (Tables 2b, c) .
Comparing the groups treated intranasally either with EcN-Chim or EcN-ctrl revealed that the suppressive effects on IL-5 and IL-13 production were markedly stronger in the EcN-Chim group. Additionally, increased IL-10 production was observed only in spleen cells stimulated with grass pollen but not with birch pollen in this group (Table 2c) . IFN-γ levels in spleen cell cultures restimulated with birch pollen extract were significantly reduced in mice treated either orally or intranasally with EcN-Chim (Table 2c ).
Intranasal pretreatment with EcN-Chim leads to increased Foxp3, TGFβ, and IL-10 mRNA expression in bronchial lymph nodes (BLNs) Mice treated intranasally with EcN-Chim showed significantly increased Foxp3, TGFβ and IL-10 mRNA expression in BLNs as compared to sensitized control and orally treated mice ( Fig. 4a−c ).
Intranasal treatment with EcN-Chim showed markedly higher levels of Foxp3 and TGFβ than treatment with EcN-Ctrl (Fig. 4a, b ).
E. coli Nissle 1917 induces IL-6 and IL-10 in MLE-12 and MODE-K epithelial cells in vitro
Using confocal microscopy we observed that E. coli Nissle 1917 expressing mCherry was detected at the surface of lung epithelial cells (MLE-12) (Fig. 5a ) while in case of the intestinal epithelial cell line (MODE-K), E. coli Nissle was detected both at the surface as well as inside the cell membrane (Fig. 5b) .
In vitro stimulation of these cells with the E. coli Nissle led to the production of high levels of IL-10 and IL-6 as compared to unstimulated epithelial cells (Fig. 5c, d ). There was no statisticaldifference in the production of IFN-γ, TSLP, and IL-33 between stimulated and unstimulated MLE-12 and MODE-K cells (Fig. 5c, d ).
Intranasally applied E. coli Nissle 1917 transiently migrates through airways and intestine In order to better understand the migratory behavior of the EcN in mice after oral and intranasal administration, we studied the spatial and temporal transit of EcN-CBRluc (Bioluminescent EcN) in mice 10 min and 2 h after a single oral or intranasal dose. We have used the Lp-CBRluc, a bioluminescent L. plantarum as a control because its behavior has been previously studied extensively in the intestine using in vivo imaging. 23 The bioluminescence signal produced by the EcN-CBRluc and Lp-CBRluc was measured in vivo directly on anesthetized mice and ex vivo, after sacrifice, in the nose, lungs, and gastrointestinal tract of mice using IVIS (Fig. 6a−c) . Ten minutes after the oral application of the EcN-CBRluc and Lp-CBRluc strains, bacteria were detected in the small intestine and after 2 h in cecum (Fig. 6b) . After intranasal application, both strains were detected in the nose and lungs during the first 10 min, and after 2 h, strains were also detected in the gut (Fig. 6c ).
Mucosal application of E. coli Nissle 1917 leads to short-term persistence compared to the control strain L. plantarum In order to test if the EcN can colonize mucosal surfaces, we treated adult mice either orally or intranasally with EcN-CBRluc and Lp-CBRluc for 4 consecutive days and analyzed the bacterial persistence in vivo (Fig. 7a−c) . In the first 4 days of oral administration, a strong bioluminescent signal of both strains was detected only in the gut (Fig. 7b, Supplementary Figure 2a) . After intranasal administration, the signal for both bacteria was distributed in the nose, lungs, and gut (Fig. 7c, Supplementary  Figure 2b-d) . However, the bioluminescent signal in the lungs was lower in intranasally EcN-CBRluc-treated mice as compared to Lp-CBRluc (Supplementary Figure 2c) . After day 4, the bioluminescent signal reduced gradually to the background level particularly in the group treated with EcN-CBRluc irrespective of the route of administration and no signal was detected in the nose, lungs or gut after day 6 ( Fig. 7b, c ; Supplementary Figure 2a-d) . On the contrary, the bioluminescent signal in the mice treated orally with L. plantarum could still be detected even on day 6 in the gut ( Fig. 7b; Supplementary  Figure 2a) .
To confirm the data on persistence obtained in vivo from the IVIS, we monitored the number of both bacterial strains present in mouse feces and homogenized lung samples collected during the experiment (Fig. 7d, e) . Even though the bioluminescent signal for EcN-CBRluc in mice was not detectable after day 6 (Fig. 7b ), E. coli Nissle was still present in the feces until day 8 although in very low numbers (10 1 −10 2 CFU/100 mg of feces). At day 9, EcN-CBRluc was not detectable anymore in both the orally as well as nasally treated mice (Fig. 7d, e) . On the other hand, Lp-CBRluc persisted until day 11 (10 4 −10 5 CFU/100 mg of feces) in orally treated mice and (10 3 −10 4 CFU/100 mg of feces) in intranasally treated mice (Fig. 7d, e) . Although mice received similar bacterial doses (5×10 8 CFU/30 µl dose/mouse/day) of bioluminescent E. coli Nissle and L. plantarum, the lung samples from days 1 to 4 of mice treated intranasally with EcN-CBRluc showed lower CFU counts (10 6 CFU/100 mg of lung) than in the group treated with Lp-CBRluc (10 8 CFU/100 mg of lung) (Fig. 7e) . From day 5, colony counts of both strains declined gradually in the lung. represent mean ± SEM from pooled data of two independent experiments (total n = 10 mice per group). Error bars show mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Mann−Whitney U-test Table 2 . Antibody response in serum and cytokine response in lung and spleen cells after pretreatment of EcN-Chim or EcN-Ctrl prior to polysensitization and challenge Female BALB/c mice were pretreated either orally or intranasally with EcN-Chim and EcN-Ctrl on every second day followed poly-sensitization and challenge with recombinant allergens. Mice were sacrificed 72 h after the last airway challenge. Serum samples were collected for antibody analysis. Spleens and lungs were collected for cytokine analysis from spleen cell culture and lung cell cultures stimulated with birch and grass pollen allergen. (a) IgG2a/IgE ratio represents in OD. (b) Lung (IL-5, IL-13) and (c) spleen (IL-5, IL-10, IFNγ cytokine levels are represented as pg/ml Data are representative of two independent experiments (n = 5 mice per group). Significant difference between allergic control group and treated group is indicated by alphabet (ä) and values are reported as mean ± SEM. ä P < 0.05; ää P < 0.01; äää P < 0.001. The significant difference between the treated group is indicated by star/asterisk (*) and values are reported as mean ± SEM. *P < 0.05; **P < 0.01, ***P < 0.001 by Mann−Whitney U test in comparison to polysensitized control Fig. 3 Intranasal pretreatment with EcN-Chim reduces allergen-specific IgE in serum and induces high levels of IgA in BAL. Mice were treated as indicated in Fig. 2a . Serum samples were obtained from mice blood collected on day 51. Allergen-specific antibody levels in mouse sera or in bronchial lavages (BAL) were determined by ELISA. a Levels of Bet v 1, Phl p 1, Phl p 5-specific serum IgE and b allergen-specific IgA levels in BAL. a, b represents mean ± SEM from pooled data of two independent experiments (total n = 10 mice per group). Error bars show mean ± SEM. *P < 0.05, **P < 0.01 by Mann−Whitney U-test To understand the interaction of E. coli Nissle with epithelial cells, confluent MLE-12 and MODE-K cells were incubated with EcN-expressing mCherry for 2 h at a bacteria:cell ratio of 10:1. Afterwards, plates were washed with PBS to remove extracellular bacteria and stained with CellMask™ Plasma Membrane Stain. These cells were then observed under fluorescent microscopy using appropriate filter sets to detect fluorescence of CellMask™ and mCherry. 49 Confocal image showing interaction of fluorescent E. coli Nissle (red) with a MLE-12 cells and b MODE-K cell (plasma membrane: green). To understand cytokine response upon E. coli Nissle interaction, MLE-12 and MODE-K cells (2.5×10 4 cells/well) were cultured with media only and 10 7 CFU/ml of formaline inactivated EcN followed by incubation at 37°C 5% CO 2 for 48 h. Supernatants were analyzed for IL-6, IL-10, TSLP, IL-33 and IFN-γ response in c MLE-12 cells and d MODE-K cells. Data are representative of two independent experiments (in triplicates). Error bars show mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by Student's t-test. EcN # represents E. coli Nissle expressing mCherry, ND not detected Fig. 4 Intranasal pretreatment with EcN-Chim showed high levels of FOXp3, TGFβ, and IL-10 mRNA in bronchial lymph nodes. Total RNA was extracted from bronchial lymph nodes of mice treated with probiotic bacteria and sensitized/allergic controls at the end of the experiment and reverse-transcribed into cDNA. Expression of FOXp3, TGFβ, and IL-10 mRNA was measured by RT-PCR as described previously. Figure  represents the ratio of the target genes to GAPDH, a FOXp3, b TGFβ and c IL-10. a−c represents mean ± SEM from pooled data of two independent experiments (total n = 10 mice per group). Error bars show mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA with Tukey's Multiple Comparison Test E. coli Nissle 1917 is a safe mucosal delivery vector for a. . . PJ Sarate et al.
EcN-CBRluc was not detectable in lungs at day 8 whereas LpCBRluc was still present even at day 10.
No bacteria were detected in the brain of mice treated intranasally with EcN-Chim To test if bacteria can cross the brain barrier after intranasal treatment with EcN-Chim, homogenized brain samples were analyzed for presence of bacteria using spectrophotometer to measure fluoroscence intensity expressed by EcN-Chim. No bacteria were detected by spectrophotometer in the brain of mice treated intranasally with EcN-Chim as in brains of untreated controls. These results were confirmed by in vitro colony counts of homogenized brain samples (Supplementary Figure 3) DISCUSSION In this study, we have demonstrated that recombinant E. coli Nissle expressing the birch-grass pollen chimera Phl p 5 -Bet v 1-Phl p 1 (EcN-Chim) prevents poly-sensitization in mice. Although the intranasal pretreatment with control strain (EcN-Ctrl) showed certain beneficial effects, the antiallergic effects were more potent in the intranasal group pretreated with recombinant EcN (EcNChim). The intranasal route of application was more effective than the oral route for prevention of systemic sensitization and airway inflammation. Importantly, we have shown that EcN is a safe probiotic bacterial strain to be used for intranasal antigen delivery as it does not permanently colonize mucosal surfaces. It has been shown that the intrinsic immunomodulatory properties of probiotic bacteria are strictly strain-specific, where certain strains are potent inducers of Th1 cytokines and others preferably stimulate release of regulatory cytokines such as IL-10. 24 In allergy treatment, rather than the shift towards Th1 responses, which could lead to autoimmune diseases 25 , suppression of allergen-specific immune responses is a desired goal. IL-10 is considered as an important regulatory cytokine with antiinflammatory properties against allergen-specific Th2 response both in experimental models as well as in humans. 26, 27 Here, we show that EcN stimulates high levels of IL-10, while levels of IL12p70 are only marginally induced in both spleen cells and BMDCs. The fact that EcN does not stimulate IL-5 in contrast to purified LPS, as previously shown by others 28, 29 , further proposes EcN as a proper strain for mucosal vaccination against allergic poly-sensitization.
In previous studies in mono-sensitized animals we established tolerizing protocols based on allergen-specific or allergen- nonspecific interventions, such as treatments with recombinant proteins, peptides, probiotics or recombinant probiotics. 30 It is well recognized that treatment/prevention of poly-sensitization is difficult to achieve. In this respect, we previously tested the use of polypeptides or allergen-chimera constructs as well as probiotic bacteria for prevention of poly-sensitization. 7, 8, 15 However both, allergen-specific and nonspecific strategies had certain limitations. Certain wild-type probiotic bacteria acted as transient In vivo bioluminescent signals were analyzed during and after bacterial application until 8 days. Two hours after application and before in vivo imaging 30 mg/ml of D-luciferin potassium salt substrate was administered intragastrically (200 µl/mouse) in the groups of mice treated orally and 15 µl per nostril in group of mice treated intranasally. Mice were anesthetized and immediately bioluminescence imaging of mice was performed using IVIS. Mouse gut (from stomach to rectum), lungs, and head were immediately excised for ex vivo bioluminescence imaging. EcN* represents EcN-CBRluc. Transit of EcN-CBRluc and Lp-CBRluc on days 4, 5 and 6 after b oral application, c intranasal application. In vivo image contains one representative image of days 4, 5, and 6 containing at least one mouse treated with PBS (middle), EcN-CBRluc (left) and Lp-CBRluc (right). Two mice were sacrificed on each day at 2 h after bacterial application. Mouse gut, lungs, and head were immediately excised for ex vivo bioluminescence imaging. In the similar parallel experiment the persistence of E. coli Nissle and control strain L. plantarum in lungs and gut after oral and intranasal application was analyzed by in vitro colony counts in these organs. Mouse feces and lung samples were collected every day (days 1-11). Two mice were sacrificed at each time point to collect lung samples. Black circles represent EcN-CBRluc counts whereas squares represents Lp-CBRluc counts. Averages of the bacterial CFU counts per 100 mg of feces after d oral application and e intranasal application of bacteria. e Averages of the bacterial CFU counts per 100 mg of lungs after intranasal application of bacteria. Data are representative of two independent experiments (n = 6 mice per group). Error bars show mean ± SEM immunomodulators/adjuvants when applied during the sensitization but not all prevented allergy, in particular there was only a mild effect on allergen-specific IgE when applied prior to sensitization. 15 Using recombinant poly-allergen chimeras for nasal application, allergic poly-sensitization could be reduced but also with limited effects on specific IgE antibodies. 8, 10 With the aim to improve the tolerizing effects of multiallergen constructs, a recombinant EcN expressing the birch-grass pollen chimera was constructed in this study, offering the advantage of protecting the intracellular allergen from enzymatic degradation and guaranteeing sufficient antigen delivery to the respiratory tract as the major treatment target. 17 To our knowledge this is the first study describing the use of a recombinant probiotic bacteria expressing a poly-allergen construct for prevention of allergy to multiple allergens. Indeed, EcN-Chim showed superiority over the EcN-Ctrl strain as a mucosal treatment tool against poly-sensitization and airway inflammation. Moreover, we show that 100 times less allergen chimer is needed for successful mucosal treatment compared to soluble allergen chimer 8 supporting the advantage of the use of a bacteria expression/delivery system to minimize the treatment dose. Comparison of the routes of application clearly indicated that the nasal route is more effective than the oral in preventing humoral and cellular immune responses and airway inflammation against birch and grass pollen allergens, thereby supporting the concept of mucosal compartmentalization, 31 and suggesting that nasal antigen delivery is either less exposed to degradation processes 32 or allergens are better retained at mucosal surfaces than after oral application as previously stated. 33 Accordingly we previously showed that lower amounts of antigens are needed for nasal compared to oral treatment/sensitization. 34 A significant reduction of allergen-specific IgE and an increase in allergen-specific IgG2a/IgE ratio was preferentially demonstrated after nasal treatment of EcN-Chim compared to polysensitized controls. This seems to be of particular interest as it has been previously shown that IgG2a can inhibit IgE-mediated mast cell degranulation. 35 Interestingly, despite the increased serum levels of IgG2a, IFN-γ levels were not enhanced in spleen cells. A similar finding was described by Adam et al. after intranasal application of EcN in a mouse model of house dust mite allergy. 28 In our study intranasal tolerance induction with EcN-Chim but less with EcN-Crtl-was further associated with markedly suppressed pulmonary eosinophils and IL-5 and IL-13 levels in BAL and lungs. These results support our previous data showing that recombinant L. plantarum expressing Bet v 1 allergen but not control L. plantarum significantly prevented Bet v 1-specific immune responses. 21, 22 The mechanisms of mucosal tolerance induction have been shown to involve regulatory cells/cytokines as well as IgA antibodies. 30 With respect to tolerance induction with soluble allergen chimeras, we previously showed that Foxp3+ CD4+ T cells producing TGF-β/IL-10 were induced at mucosal sites. 8, 10 Similarly, in the present study, intranasal pretreatment with EcN-Chim and to a lower extend with EcN-Ctrl was associated with increased Foxp3, TGF-β, and IL-10 mRNA in bronchial lymph nodes. Furthermore, our in vitro studies showed that respiratory and intestinal epithelial cells-as first contact cells at mucosal surfaces 36 -stimulated with E. coli Nissle led to a strong production of IL-6 and IL-10 cytokines, suggesting that epithelial cells may also contribute to induction of tolerogenic mechanisms by activating dendritic cells which may then migrate to draining lymph nodes and further induce a regulatory/tolerogenic environment. 30 Furthermore, we detected a marked increase in allergen-specific IgA antibodies in bronchoalveloar lavages. Mucosal IgA production can be induced by T-cell-dependent or T-cell-independent mechanisms of which the latter is primarily stimulated by different cytokines such as IL-6, IL-10, TGF-β etc. produced by intestinal epithelial, dendritic, and stromal cells. 31 That IgA antibodies can act as crucial players of protection against allergic airway inflammation was previously shown in a model of ovalbumin allergy using the mucosal adjuvant cholera toxin B. 37 In a clinical study IgA has been shown to act as blocking/neutralizing antibodies against IgE-mediated histamine release. 38 Furthermore, recent clinical studies using the intranasal influenza vaccine (Flumist) showed that intranasal vaccination with live viruses induced IgA antibodies with protective properties in both respiratory and gastrointestinal tracts. 39 Similar pathways might have been induced by the EcN treatment in our in vivo model.
Not only the treatment efficacy but also the behavior of live bacteria at mucosal surfaces might pose an important aspect to consider particularly with regard to safety. We thus studied the migration and persistence of mucosally applied bioluminescent E. coli Nissle (EcN-CBRluc) using in vivo imaging. Up to now migration and persistance of these probiotic bacteria have been studied in the gut after oral administration of antibiotic pretreated mice by direct monitoring of bioluminescent bacteria by in vivo imaging 40, 41 , while the fate of such bacteria after intranasal administration have not been studied so far. In the present study, we compared the behavior of E. coli Nissle after oral and intranasal administration to mice without modifying the normal lung or gut microflora by antibiotic pretreatment. We found that the bioluminescent E. coli Nissle strain was exclusively detected in the gut after oral administration as already described. 40 With regard to intranasal application, we show for the first time the migration of EcNCBRluc in the nose, lung, and gut. One possible explanation for the presence of EcN-CBRluc in the gut after intranasal application could be the reflux reaction of lungs flushing the bacteria back into the nasopharynx as already described. 42 Furthermore, we studied whether E. coli Nissle showed permanent colonization which could present a risk for sensitization rather than tolerization. We revealed that even after application of high bacterial doses (10 8 CFU) via the nasal route, EcN-CBRluc disappeared within 4 days from lungs as well as from feces of mice after the last application, indicating that E. coli Nissle does not permanently colonize the gut nor persists in the lung. Thus, our data suggest that intranasal application results in transient presence of EcN along the respiratory and intestinal tracts and might activate the immune system at two distinct mucosal compartments leading to effective immunomodulation. With regard to intranasal application of live bacteria in humans, the potential migration of probiotic bacteria into the brain via the olfactory nervous system is often discussed as a safety concern. Here, we show that even after 4 days of consequent application of EcN-Chim (with the same concentration as used for nasal treatment), we did not detect any bacteria in the brain. Our study results are further supported by human studies with live Streptococcus salivarius 24SMB administered by nasal spray for the prevention of acute otitis media in otitis-prone children showing that this application was effective and safe. 43 Further evidence on biological containment, and tolerability of recombinant probiotic bacteria in humans is currently increasing.
Taken together, our study contributes with novel insights on the use and action of recombinant E. coli Nissle expressing a birch-grass pollen chimera to be used as nasal vaccine against allergic polysensitization and airway allergy. Even though we have indications that intranasal application of EcN-Chim can also reduce already established allergic lung inflammation in a therapeutic set-up (data not shown), the effects of this strain were stronger in the prophylactic settings. We further suggest that prevention with such a mucosal tool at an early time point of life would not only counteract the risk of sensitization to many allergens (in patients with positive family history) but also provide bacterial imprinting and thereby helping in the establishment of an immunological homeostasis in the postnatal period. 44, 45 MATERIALS AND METHODS Wild-type bacteria and growth conditions Wild-type probiotic bacterial strains Lactobacillus plantarum NCIMB8826, Lactococcus lactis MG1363, Escherichia coli Nissle 1917 (EcN) which is an active component of a microbial preparation (Mutaflor; Ardeypharm GmbH, Herdecke, Germany), E. coli BL-21, and E. coli MC1061 (an expression systems) were used in this study (Table 1) . Strains were grown and maintained as previously described. 23, 46 Fixation of bacteria The fixation of bacteria was performed as described in Supplementary Material online.
Selection of probiotic bacteria according to in vitro stimulatory properties of naïve bone marrow-derived dendritic cells, spleen cells, and human embryonic kidney cells 293 (HEK 293) BMDCs, spleen cells, and HEK293 cells were isolated and cultured as described previously. 15, 47 All three cell cultures were stimulated with 10 7 CFU/ml of L. plantarum, L. lactis and E. coli Nissle 1917 and incubated at 37°C, 5% CO 2 for 48 h. Supernatants were analyzed for cytokine response. See Supplementary Material online for details.
Cloning, transformation, and expression of birch-grass pollen chimera in E. coli Nissle 1917 Three recombinant strains of E. coli Nissle expressing (1) birchgrass pollen chimera-mCherry (EcN-Chim), (2) mCherry (EcN-Ctrl) and (3) luciferase (EcN-CBRluc) (Table 1) were constructed. L. plantarum with pNZ-CBRluc (Lp-CBRluc) was used as control strain. 23 Chimera production was analyzed by western blotting and quantified by ELISA using monoclonal mouse anti-Bet v 1 IgG antibodies as described previously. 8, 21 Production of mCherry was analyzed by fluorescence intensity under SparkControl Magellan plate reader. Luminescence was measured in bacterial cultures by the in vivo imaging system (IVIS) as described previously. 23 Strain stability was tested by standard methodology as previously described. 23 See Supplementary Material online for details.
Antigens and natural extracts See Supplementary Material online for details.
Animals and ethics statement
In the mouse model of poly-sensitization, female BALB/c mice, 6-8 weeks of age were purchased from Charles River (Sulzfeld, Germany). The animals were maintained under conventional housing conditions and provided with food and water ad libitum. All experiments were approved by the Animal Experimentation Committee of the Medical University of Vienna and by the Federal Ministry of Science and Research (BMWF-66.009/0384-WF/V/3b/2015). For in vivo imaging experiments, 7-week-old female BALB/c mice were purchased from Charles River (St. Germain sur l'Arbresle, France) and were maintained under conventional housing conditions. Animal protocols were approved by the local and national ethics committee and all experiments were done in an accredited establishment (A59107, Institut Pasteur de Lille) according to European guidelines (number 86/609/CEE).
Mouse model of poly-sensitization using recombinant birch and grass pollen allergens Poly-sensitization was performed as described previously 7 in mice with recombinant antigens for sensitization as well as challenge (Fig. 2a) . Briefly, sensitization was performed with three intraperitoneal injections (days 10, 24, and 39) of a mixture of 5 µg rBet v 1, 5 µg rPhl p 1, and 5 µg rPhl p 5 adsorbed to aluminium hydroxide. One week after the last intraperitoneal immunization, mice were anesthetized by 2% isoflurane in anesthetic induction chamber and challenged intranasally with 30 µl of mixture of 5 µg rBet v 1, 5 µg rPhl p 1, and 5 µg rPhl p 5 for 3 consecutive days.
Intranasal and oral application of EcN-Chim/EcN-Ctrl prior to polysensitization Mice (n = 5/group) were pretreated on days 0, 2, 4, 6, 8 either orally (1×10 9 CFU/300 µl/mice) or intranasally (1×10 7 CFU/30 µl/ mice) with EcN-Chim or EcN-Ctrl. All mice were then sensitized and challenged according to the poly-sensitization protocol as described above (Fig. 2a) . Mice were sacrificed 72 h after the last challenge and organs were collected for further studies. See Supplementary Material online for details.
Characterization of airway inflammation and allergic polysensitization BAL samples were collected and analyzed for differential cell counts as previously described. 48 Excised lungs were fixed with 7.5% formaldehyde-PBS and paraffin-embedded. Tissue sections were stained with Periodic Acid Schiff (PAS) stain. Allergen-specific antibody levels in mouse sera and BAL and cytokine response in BAL, spleens, and lungs were determined by ELISA as previously described. 7 Expression of FOXp3, TGFβ, and IL-10 mRNA in BLNs were measured by RT-PCR as described previously. 15 See Supplementary Material online for details.
In vitro interaction studies with E. coli Nissle expressing mCherry Confocal imaging. Mouse lung epithelial cells (MLE-12) and mouse intestinal epithelial cells (MODE-K) were cultured at 37°C and 5% CO 2 In vitro stimulation of MLE12 and MODE-K cells MLE-12 and MODE-K cells were harvested and approximately 2.5×10 4 cells were stimulated by 10 7 CFU/ml of EcN-expressing mCherry. Supernatants were collected and analyzed for different cytokines.
In vivo bioluminescence imaging of E. coli Nissle producing the click beetle luciferase Mice (n = 6/group) received either orally (5×10 10 CFU/200 µl dose per mice) or nasally (5×10 8 CFU/30 µl dose per mice) a dose of EcN-CBRluc or Lp-CBRluc and bioluminescence imaging was performed using the multimodal IVIS Lumina XR imaging system (Caliper, PerkinElmer) as described previously. 23 In experiment 1, migration of EcN-CBRluc and Lp-CBRluc was studied by in vivo imaging performed 10 min and 2 h after bacterial application. In experiment 2, bacteria were applied for 4 consecutive days and the persistence of the bacteria studied by performing imaging for up to 8 days (Figs. 6, 7 and Supplementary Figure 2) . See Supplementary Material online for details.
Evaluation of bacterial persistence in feces and lungs. Fecal and lung samples were collected during and after four consequent application of bacteria until day 11 ( Fig. 7) and 100 mg/ml of fecal and lung samples were mechanically homogenized in PBS.
Dilutions from respective strains were plated onto either LB agar (E. coli Nissle) or MRS agar (L. plantarum) containing 20 µg/ml chloramphenicol and incubated before enumeration.
In vitro analysis of bacterial presence in brain after intranasal treatment Presence of E. coli Nissle in brain after intranasal application was analyzed in vitro by measuring the fluorescence intensity (for mCherry) and by performing bacterial enumeration in different dilutions of homogenized brains of EcN-Chim and EcN-Ctrl treated mice (Supplementary Figure 3) . See Supplementary Material online for details.
Statistical analysis
Comparison of more than two groups was performed with oneway analysis of variance, followed by Tukey's Multiple Comparison Test unless otherwise specified. Significance between two groups was analyzed using the Mann−Whitney U test (nonparametric) or Student's t-test (parametric) using GraphPad Prism Software, (San Diego, CA). All data are shown as mean ± SEM. Significant differences were considered at P < 0.05 (*), P < 0.01 (**), P < 0.001 (***).
